Seawater temperature rise in French Polynesia has repeatedly resulted in symbiosis breakdown 27 between giant clam (Tridacna maxima) and dinoflagellates (Symbiodinium spp.), particularly in 28 small individuals. Herein, we explored the physiological and gene expression responses of the 29 clam hosts and their photosynthetically active symbionts over a 65-day experiment in which 30 clams were exposed to either normal or environmentally relevant elevated seawater temperatures. 31
Results

(a) Physiology
95
We observed no mortality across the 65-day experiment, but some of the individuals exposed to 96 elevated temperatures showed signs of partial bleaching in the 30.7°C treatment by day 65. 97
Symbiodinium density and photosynthetic yield (Fv/Fm) were both lower in clams exposed to 98 elevated temperatures (Scheirer-Ray-Hare; H=24.44, p<0.001 and H=22.88, p<0.001, 99 respectively; Supplementary figure S1). There was no interaction between time and temperature 100 for either of these response variables, and Symbiodinium Fv/Fm remained constant over the three 101 sampling times (Scheirer-Ray-Hare; H=1.26; p=0.53, Supplementary figure S1). Time had only a 102 slight effect on Symbiodinium spp. density (Scheirer-Ray-Hare; H=6.07; p=0.048, Supplementary  103 figure S1), though no post-hoc differences were detected between individual sampling times 104 (Dunn's test; alpha = 0.05). 105 (b) Symbiodinium spp. communities in clams 106 The Symbiodinium spp. communities of all small giant clam hosts (from both control and high 107 temperature conditions) were primarily composed of clade A (>99%). Four clams showed 108 secondary populations of clade C (ranging from 1.8 to 32.8% of the total cell population), as well 109 as residual quantities of clades B and F (<0.001%). There were no detectable effects of prolonged 110 high-temperature exposure of the Symbiodinium assemblages within the giant clam samples 111 (Supplementary figure S2) . In situ clam samples from Reao atoll (Tuamotu Archipelago, French 112 Polynesia) confirm predominance of clade A (mean 93.0% ± 10.7) with presence of minor clades 113 B + C (mean ~5 %) and suggest that transport and experimental facility environment did not 114 impact relative cladal representation in this study (Supplementary data). 115
Metabarcoding internal transcribed spacer 2 (ITS2) sequencing resulted in an average of 186.7k ± 116 25.7 PE sequences per sample. After sequences pre-processing, Dada2 algorithm reported a total 117 of 12 amplicon sequence variants matching to clades A (N=9) and C (N=3) that parallel results 118 from qPCRs (Supplementary figure S2, C). Clade A sequence variants mainly match to sub-clade 119 Clade A3 (best-hit BLASTn; e-value<10 -6 ). Clade representation based on UniFrac distance 120 (PERMANOVA; pseudo-F=1.3; q-value=0.33) or evenness values (Kruskall-Wallis; H=0.04; q-121 value=0.83) did not significantly differ between temperature conditions. 122 (c) Transcriptome assemblies 123 A total of 363.70 million 100-bp paired-end reads were used to assemble a raw meta-124 transcriptome (host + symbionts) of 726,689 transcripts (420.02G bp). After stringent filtering 125 and segregation of host and Symbiodinium spp. sequences, the assemblies resulted in a 126 transcriptome for T. maxima of 24,234 contigs (N50=1,011 bp; GC content=40.1%) and a meta-127 transcriptome for Symbiodinium spp. of 51,648 contigs (N50=1,027 bp; GC content=57.9%). 128
High G-C content is generally a hallmark of Symbiodinium spp. transcriptomes (40) . 129
Transcriptome statistics and annotations are provided in Table 1 and Supplementary table S1,  130 respectively. 131 (d) Host clam acclimation response to prolonged high-temperature exposure 132 A gene co-expression network was built using the normalized RNA-seq data from which low-133 expression genes had been eliminated, and five modules correlated significantly (p<0.05) with 134 temperature, clade composition, and/or physiological data (including oxygen production, 135
Symbiodinium spp. density, photosynthetic rate, and host dry weight; Figure 1 ). No module was 136 correlated with sampling time, O 2 consumption, or shell extension. Two host modules positively 137 (R=0.82) and negatively (R=-0.46) correlated with temperature, namely the pink host and the 138 magenta host modules, respectively ( Figure 1 ). The magenta host module also correlated positively 139 with photosynthetic rate Fv/Fm (R=0.63) while the pink host module correlated negatively with it 140 (R=-0.51). Only the pink host module also negatively correlated with oxygen production (R=-0.44; 141 Figure 1 ). Among the most enriched GO terms in the pink host module were secondary metabolic 142 processes (GO:0019748), pituitary gland development (GO:0021983), locomotion (GO:0040011), 143 and cilium movement (GO:0003341; Supplementary table S2 ). The magenta host module was 144 enriched for carbohydrate biosynthetic processes (GO:0016051), biological adhesion 145 (GO:0022610), phenol-containing compound metabolic processes (GO:0018958), cofactor 146 metabolic processes (GO:0051186), and response to stimuli (GO:0050896; Supplementary table  147   S2 metabolic processes (GO: 0016070), methylation (GO:0032259), mitochondria-nucleus signaling 154 pathways (GO:0031930), and response to abscisic acid (GO:0009737). For the magenta symbiont 155 module, enriched genes tended to be involved in glucan biosynthetic processes (GO:0009250), 156 movement of cells or sub-cellular components (GO:0006928), energy derivation by oxidation of 157 organic compounds (GO:0015980), and sodium ion transport (GO:0006814). The 158 darkmagenta symbiont module was enriched for photosynthetic electron transport chain 159 (GO:0009767), oxidation-reduction processes (GO:0055114), regulation of the response to 160 stimuli (GO:0048583), and chloroplast thylakoid membrane (GO: GO:0009535). Complete GO 161 enrichment results can be found in Supplementary table S2.  162 We further identified the top 30 most 1) "connected" (i.e., high connectivity determined 163 by the co-expression network analysis) and 2) annotated genes (hereafter referred as "hub genes") 164 within each relevant module. For the pink symbiont module, the hub genes were a putative D-lactate 165 dehydrogenase, mitochondrial LDHD, photosystem II reaction center protein L (PSBL), Ras-166 related protein Rab-11A (RAB11A), phosphoenolpyruvate/phosphate translocator 3, chloroplastic 167 PPT3, and the cytochrome c biogenesis ATP-binding export protein CcmA (CCMA). For the 168 darkmagenta symbiont module, we identified a choline transporter-like protein 5 (SLC44A5), D-169 alanine aminotransferase (DAT), cAMP-dependent protein kinase type I-alpha regulatory subunit 170 (PRKAR1a), kinesin-like protein KIF3A (KIF3A), non-specific lipid-transfer protein 1, 171 photosystem I P700 chlorophyll a apoprotein A1 (PsaA), and the NFX1-type zinc finger-172 containing protein 1 (ZNFX1). Exhaustive lists of hub genes for each module are provided in 173 Supplementary table S3.  174 We tested for specific module conservation across datasets for the Symbiodinium spp. 175 transcriptomic response in the small giant clams. Overall, few modules were conserved between 176 datasets ( Figure 2 ). We observed that the pink symbiont module was moderately conserved in free-177 living Symbiodinium spp. (Zsummary=2.9) but not in the coral datasets (Zsummary=-0.5). 178
Whereas the magenta symbiont tended to be conserved in corals (Zsummary=1.9), it was not 179 conserved in free-living individuals (Zsummary=1.3). Interestingly, module lightgreen symbiont was 180 not conserved across datasets despite being the Symbiodinium spp. module that was most strongly 181 correlated with temperature in small giant clams (Figure 1 ). One module only, the 182 darkmagenta symbiont , was, however, preserved across all datasets (Zsummary=4.1 and 7.6 for 183 coral-Symbiodinium and cultured Symbiodinium datasets, respectively; Figure 2 ). As mentioned 184 above, this module was enriched for genes involved in photosynthetic activity and maintenance. 185
(f) Multivariate analysis and co-expression network for free-living datasets against the clade C1
186 reference genome 187 We used db-RDA to document gene expression variation among free-living Symbiodinium spp., 188 with temperature and cladal breakdown as the explanatory variables. The model was highly 189 significant (p<0.001), and the adjusted R 2 was 0.80 ( Figure 3 ). Partial db-RDAs showed that the 190 transcriptomic response was largely lineage-specific (adj. R 2 =0.77; F=179.88, p<0.001). 191 However, temperature also had a significant effect on total gene expression variation, independent 192 of Symbiodinium genotype (adj. R 2 =0.05; F=12.42, p<0.001). We conducted independent 193 WGCNA analyses to assess acclimatory responses in free-living Symbiodinium spp. based on 194 genome C1 specific (41). We found the largest modules (blue (n= 8,739 genes) and turquoise (n = 195 10,061 genes) to be correlated with lineage (Supplementary figure S3 ), independent of the 196 temperature response; this is congruent with the db-RDA analysis (see Supplementary material 197 for details.). Similarly, we found two modules (brown C1 and red C1 ) that were significantly 198 correlated with temperature (R=0.82 and -0.89, respectively; Supplementary figure S3 ). Finally, 199
we found a single module (green C1 ; n = 123 genes) positively correlated with thermotolerance 200 (R=-1); it could effectively segregate thermo-sensitive Symbiodinium from thermo-tolerant 201 phenotypes. Among the most enriched GO terms we found DNA methylation (GO:0006306), 202 genetic imprinting (GO:0071514), suggesting profound methylation changes between phenotypes. Similarly, clade C and/or D are more commonly found in giant clams inhabiting warmer 235 environments while clade A Symbiodinium are more common in clams located in cooler waters 236 (15). Herein, the Symbiodinium spp. communities were predominantly clade A, even after two 237 months of high temperature exposure; this finding aligns with other studies in corals that found 238 Symbiodinium assemblages to be temporally stable, even as environmental conditions changed 239 (58-61). This was not an artifact due to our experimental conditions since individuals sampled 240 from their original location also host predominantly clade A. 241
Such a high proportion of clade A in giant clams is expected and it has also been reported in the 242 sea anemone Anemonia viridis, while it is in sharp contrast to other hosts such as corals, which 243 host a broader clade diversity (62-64). This near-exclusive hosting of clade A in clams, and the 244 temporal stability of their association, suggests that some selection process favor clade A (or else 245 impairs recruitment of other clades); lectin/glycan interactions surely playing a role in such 246 recognition-related processes (65). Admittedly, broader in situ data encompassing different time 247
of the year, will be necessary to verify the fidelity between clade A Symbiodinium and giant 248 clams, and whether mixed-clade assemblages are common in situ (66). Nevertheless, such 249 reduced flexibility would preclude community shift as a strategy for the small giant clam to cope 250 with increased temperatures, at least in our experimental context. Rather than adaptation (i.e., a 251 community shift resulting in a new "holobiont genomic landscape"), acclimation (i.e., 252 physiological changes that initially manifested at the molecular level) appears to have played a 253 larger role in this study. 254 The negatively impacted module was enriched for glyceraldehyde-3-phosphate metabolic 268 processes and was correlated with higher photosynthetic yield (Fv/Fm). This gene, as well as a large number of others encoding proteins involved in metabolic processes, were also significantly 270 affected by a sub-lethal elevated temperature (30°C) in the reef coral P. damicornis (39). 271
Pollutant exposure also altered the expression of genes involved in carbohydrate metabolism, 272 albeit only in the coral host compartment (and not in Symbiodinium) in another study (71) . 273
Admittedly, we did not assess the proportion of the energy derived from autotrophy, which ranges 274 widely (from 25 to up to 100%) and is dependent on the species and/or life history stage in the 275
Tridacna genus (6, 7, 72); shifts from autotrophy to heterotrophy, and vice versa, are likely to 276 affect host gene expression patterns. However, the facts that 1) carbohydrate metabolism plays a 277 central role in maintenance and stability of the clam-dinoflagellate holobiont (73) and 2) this gene 278 module was correlated with photosynthetic yield and symbiont density provide support for the 279 existence of a mechanism by which the host influences symbiont performance. All together, our 280 results suggest that the combined effects of regulation of tryptophan levels and impairment of 281 carbohydrate metabolism might be key elements in the long-term response to elevated 282 temperature in small giant clams. However, how these changes would affect fine-scale 283 interactions between the host and symbionts remains to be explored; hence further proteomic data 284 that directly speak to changes in cell physiology should be acquired in future studies of giant 285 clam-Symbiodinium symbioses. 286 (c) Symbiodinium spp. response to prolonged elevated temperature exposure in hospite 287 Overall, Symbiodinium spp. gene expression decreased with prolonged elevated temperature 288 exposure, and some of the modules were correlated with the lower Symbiodinium photosynthetic 289 yield and cell densities documented at elevated temperatures. Physiological studies have 290 previously shown that high temperature led to diminished photosynthetic yield in several clades 291 of Symbiodinium spp. (74). Herein we also found that genes encoding certain components of the 292 photosynthetic machinery, especially photosystem II (PSII), were tune down in elevated 293 temperature condition. PSII integrity is vital for proper Symbiodinium function, and PSII damage 294 has been directly linked to bleaching in corals (45). It is noteworthy that the same gene module 295 also included chloroplast thylakoid membrane rearrangement-related genes, which are used by 296
Symbiodinium spp. and other photosynthetic organisms to cope with heat and high UV radiation 297 (75, 76) . Although the small giant clams generally appear to have acclimated to elevated 298 temperatures over our two-month experiment, the Symbiodinium communities may, instead, have 299 been manifesting signs of intracellular stress given these gene expression changes, as well as the 300 decreases in cell density and Fv/Fm. Whether or not these holobionts could have sustained an 301 even longer exposure to 31°C remains to be determined, though it is worth noting that, unlike in 302 situ, clams were not fed in the aquaria. It is thus most likely that clams allowed to feed both 303 autotrophically and heterotrophically might, then, have an even superior capacity for high-304 temperature acclimation. 305
Although the effects of clade and/or experiment on Symbiodinium gene expression were 306 much greater than the temperature effect, temperature significantly impacted gene expression 307 even when controlling for clade genotypes. This suggests that acclimation to a long-term 308 temperature increase has a conserved basis among different lineages despite large evolutionary 309 distance between clades (10, 77). Differences in gene expression between clades might also be 310 associated with distinctive thermotolerance capacities. We found that few gene modules were 311 preserved across datasets: in hospite with clams vs. free-living vs. in hospite with corals. One 312 methodological factor that may warrant a cautious interpretation of our results is the major 313 experimental design differences between datasets; in the case of our own study, as well as that of 314 experiencing stress. However, the fact that we were still able to detect a module related to 317 photosynthesis in all studies suggests that certain molecular pathways underlying the 318 photosynthetic activity of Symbiodinium are temperature sensitive, regardless of whether the 319 Symbiodinium are free-living or associated with corals or giant clams. 320 (d) Evidence for thermotolerance mechanisms in Symbiodinium spp.
321
Exposure to elevated temperature was associated with an up-regulation of phytohormones and 322 methylation-related genes. A single gene module associated with profound methylation changes 323 revealed higher gene expression with elevated temperature and was negatively correlated with 324
Symbiodinium density and photosynthetic yield. It is known in plants that DNA methylation and 325 histone modification are associated with the response to heat stress, and, more specifically, act to 326 prevent heat-associated macromolecular damage (78). Such methylation changes might be 327 inherited and account for, in part, the remarkable ability of plants to adapt and/or acclimate 328 quickly to stressful environments (79, 80). Additionally, studies in other plant systems found that 329 phytohormone ABA and reactive oxygen species (ROS) regulation are key molecular 330 mechanisms involved in the capacity to acclimate to abiotic stressors including oxidative stress 331 tolerance in unicellular algae (81). Indeed, an increase in ABA biosynthesis is associated with up-332 regulation of ABA signaling genes in several plant species (82). Herein we showed that the same 333 gene module enriched for methylation regulation was also enriched for ABA 334 signaling/metabolism, and this response was conserved in free-living Symbiodinium cells. 335
Additionally, independent data from thermo-sensitive and thermo-tolerant phenotypes of free-336 living Symbiodinium (clade C1) revealed that the only biological function associated with thermal 337 tolerance was the regulation of methylation and response to acid chemical most likely related to 338 ABA signaling. Considering the pivotal role of ABA in a variety of plant systems, we propose 339 that ABA signaling might also be a key driver of acclimation to long-term elevated temperature 340 exposure, and, more generally, thermal tolerance in Symbiodinium spp. Ultimately, tight co-341 expression between ABA-responsive genes and methylation effectors also suggests a possible 342 epigenetic control of ABA signaling during thermal acclimation in Symbiodinium spp. that 343 remains to be elucidated. 344
Conclusion
346
The co-expression network analysis proved to be a powerful tool for dissecting compartment-347 specific transcriptomic responses in symbiotic systems. This is especially true when looking for 348 acclimatory signatures that, in contrast to short-term stress responses, are characterized by rather 349 subtle changes over longer periods. Indeed, our data from a long-term high temperature study 350 revealed that different cellular processes are impacted in the host clam and in hospite 351 Signed co-expression networks were built for the host and symbiont datasets independently using 436 the R package WGCNA following the protocol developed by Langfelder and Horvath (88) based 437 on normalized log-transformed expressions values (log2 count per million; log2CPM). The 438 datasets were previously filtered for residually expressed transcripts (>1 CPM in 4 individuals) 439 and minimum overall variance (>10%). Normalization was conducted on library sizes for host 440 and symbiont datasets separately. In an effort to normalize for Symbiodinium cells we also tested 441 specific housekeeping genes validated from previous thermal stress experiments (89). Since both 442 approaches gave similar results (data not shown), only library size normalization has been 443 presented herein. The main goal of this analysis was to cluster genes in modules correlated with 444 time, temperature, and relevant physiological responses (Figure 1 ). Briefly, we fixed a "soft" 445 threshold power of 6 and 26 for the host and symbiont datasets, respectively, using the scale-free 446 topology criterion to reach a model fit (|R|) of 0.81 and 0.90 for host and symbionts, respectively. 447
The modules were defined using the "cutreeDynamic" function (minimum of 30 genes by module 448 and default cutting-height=0.99) based on the topological overlap matrix, and a module 449
Eigengene distance threshold of 0.25 was used to merge highly similar modules. For each 450 module, we defined the module membership (kME=correlation between module Eigengene value 451 and gene expression values). Only modules with p<0.05 were conserved for downstream 452 functional analysis (Figure 1 ). Gene ontology (GO) enrichment analyses were conducted for each 453 module separately using GOAtools (90) implemented with the "go_enrichment" pipeline 454 (https://github.com/enormandeau/go_enrichment) and based on go-basic.obo data (downloaded 455 on May 30, 2018). GO terms were considered enriched at p<0.05 (minimum of three genes). GO 456 redundancy reduction was conducted using the "revigo" online tool (91). 457 Symbiodinium (clade F) to a 31°C heat stress (control temperature=24.5°C) over a 28-day period 467 (36), while Levin et al. exposed clade C1 Symbiodinium (both thermo-tolerant and thermo-468 sensitive sub-types) to a 32°C heat stress (control temperature=27°C) over a 13-day period (37). 469
Finally, Mayfield et al. (39) exposed corals housing Symbiodinium (clade C) to 30°C over a 9-470 month period (control temperature=27°C), and both the coral hosts and in hospite Symbiodinium 471 appeared to have acclimated to this temperature. 472
Raw data processing and mapping to the newly assembled Symbiodinium transcriptome followed 473 the same procedure as described above albeit adapted for single-end reads. In parallel, analysis of 474 free-living datasets was also conducted against the recently published and assembled 475 In order to determine whether genotype (clade), time, and/or temperature had a significant effect 483 on Symbiodinium spp. gene expression variation in free-living individuals and to assess the 484 proportion of variance explained by each factor, we used a redundant-discriminant analysis 485 (RDA; Figure 3 ). Briefly, a principal components analysis (PCA) was first carried out with a 486
Euclidean distance matrix of the log2-transformed expression levels of the 20,449 genes 487 (log2CPM) using the Ape R package "daisy" and "pcoa" functions (92). Because no axis could 488 be selected according to the broken-stick distribution, we selected all axes explaining at least 489 2.75% of the variation (4 axes explained 69.5% of the total variance.) according to a previously 490 described method (93, 94). A distance-based redundancy analysis (db-RDA) was then undertaken 491 with the gene expression variation explained by these PCA factors (response matrix), with 492 genotype, temperature, and time as explanatory variables. We only retained explanatory factors 493 that accounted for a significant portion of the variability using the "ordistep" function implemented in the vegan R package (95). Two partial db-RDAs and analysis of variance 495 (ANOVA; 1000 permutations) were conducted to 1) validate whether each factor separately had a 496 significant impact on the variance (in controlling for the second factor) and 2) estimate the 497 variability explained by each factor ("RsquareAdj" function). The effect of a given factor was 498 considered significant when p<0.05. 499 2018. Preparation and analyses were performed as described above and in Rouzé et al. (62) . 520
As a more detailed means of assessing Symbiodinium diversity in the 24 small giant clam 521 samples, a meta-barcoding analysis was undertaken following the protocol of (97). Briefly, the 522 ITS2 gene was PCR amplified using previously described primers set (97) module membership (kME) against gene significance (GS) value for thermotolerance. Dots 860 represent a single gene. (C) Network representation of the top 30 "hub genes" selected on the 861 kME value for module green c1 862 863
Table S1: Transcriptome annotations for Symbiodinium spp. and Tridacna maxima. 864 Transcripts were aligned against the Uniprot-Swissprot database with BLASTx, and only the best-865 hit results have been shown. 866 867 Table S2 : Excel file featuring gene ontology (GO) enrichment for each module. Only GO 868 terms with p<0.05 and at least three genes were considered to be significantly enriched. 869 870 Table S3 : Table S3 . Excel file featuring "hub" genes detected within each module. The top 871 30 hub genes were selected according to their module membership values (kME). 872 873 
